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Abstract. Metal atoms in solid and liquid helium-4 have attracted some interest either as a way to keep 
the atoms in a weakly perturbing matrix, or using them as a probe for the helium host medium. Laser 
sputtering with nanosecond pulsed lasers is the most often used method for atom production, resulting 
however in a substantial perturbation of the matrix. We show that a much weaker perturbation can be 
obtained by using femtosecond laser pulses with energy as low as 10 jj,J. As an unexpected benefit, the 
atomic density produced is much higher. 

PACS. 67.80. B- solid 4 He - 61.72.S- impurities in crystals - 06.60.Jn femtosecond techniques 
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Over the past twenty years, atomic and molecular impuri- 
ties in superfluid and solid helium-4 have been extensively 
studied by spectroscopic methods either in bulk (for a re- 
view (P;[l)) or in clusters Among the motivations 
of those works, one may cite the investigation of superflu- 
idity at a microscopic level ((Hd), the reactions of atoms, 
molecules, radicals in the helium matrix investiga- 
tion of matrix excitations by optical methods (J5|; [9|; llOh . 
measurement of electron EDM (fill : 0) or parity violating 
nuclear anapole moment (fl2T). Several methods (recombi- 
nation (fl3l ). laser sputtering (flit fill), jet (fl5l )) have been 
developped to introduce atomic impurities into bulk he- 
lium. Laser sputtering has been quickly recognized as the 
most efficient method to introduce various atomic species 
into liquid (flS d) and solid helium (fl7l). Atomic 
density about 10 14 -10 15 m" 3 has been reported (HiGl). 
In this method, atomization proceeds in two steps. In the 
first step, a metal target situated in condensed helium is 
sputtered that produces metal grains and clusters embed- 
ded in the medium. These grains are then atomized by a 
second laser and detected by a third one. In superfluid, 
convection flow induced by the sputtering process carries 
away the atoms from the detection region in a few millisec- 
onds (14). An improvement was later achieved leading to 
the detection of atomic Cs in superfluid helium over about 
500 ms (fl9f ). In solid helium, atoms are more efficiently 
trapped and can be observed during several hours (flU ) or 
even a week ff20h . 

Laser sputtering has some drawbacks however. When 
YAG second harmonic (532 nm) pulses are used, pulse en- 
ergies about 1-10 mJ are necessary. This creates transient 



Present address : Institut Neel-MCBT, CNRS, Grenoble 



bubbles in the liquid or melting of the solid matrix over 
a macroscopic volume. These energetic events are likely 
to strongly perturb the helium matrix. Indeed evidence 
for the conservation of the global solid orientation is still 
lacking (|2ll ; \2w . A first step may consist in reducing the 
energy brought by the laser. 

In this paper a new method is described making use of 
amplified femtosecond pulses to atomize cesium grains or 
clusters. Due to much shorter pulse duration, much lower 
energies (10 /iJ) are used to obtain similar or even greater 
atomic densities than previous methods. To our knowl- 
edge, metal atomization with femtosecond pulses has been 
reported only once (|19r). but without details about the 
atomic densities obtained. We describe first the experi- 
mental set-up used and the atomization process of cesium 
impurities in an initially single helium crystal. Atomic 
densities obtained are then discussed. 



2 Experimental set-up 

A sketch of the experimental arrangement is given in fig- 
ure [U A 2 cm wide cell is attached to a helium-4 refrig- 
erator. Its temperature can be regulated between 1 and 
1.8 K. To grow a hep helium crystal, liquid helium is pres- 
surized at constant temperature, typically 1.2 K, up to 
the solidification pressure (25.4 bar). An electrostatic de- 
vice (|H) nucleates the solid phase as a small single crystal 
which falls on the bottom of the cell. It is then grown by 
continuously feeding the cell with helium until the liq- 
uid/solid interface reaches the middle of the cell windows. 
In order not to damage the crystal by the first step of 
the atomization process, we put the cesium target in the 
liquid above the solid. Sputtering is produced by second 
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harmonic YAG laser pulses (energy 5 mJ, repetition rate 
2 Hz). Sub-millimetric cesium grains, and possibly clus- 
ters, fall onto the crystal surface. When their number is 
sufficient, they are embedded into the crystal by a further 
growth. 




Fig. 1. Sketch of the experimental arrangement, (a) Cell in- 
side the cryostat containing solid He at the bottom, (b) Solid 
cesium target immersed into Hell, (c) Sputtering YAG laser, 
(d) Amplified Ti:Sa laser for atomization (mode-locked) or in 
cw mode for detection, (e) fluorescence detection, (g) cesium 
metal grains and clusters. 

They lie then 1 or 2 mm below the solid/liquid inter- 
face. The next section explains how they are later atom- 
ized by femtosecond laser pulses. 

In order to measure the local density of cesium atoms, 
laser induced fluorescence is used. A Ti:Sa laser ('d' in 
figure 1) can be used in cw or mode-locked regime. In 
the cw regime, it excites the fluorescence on the Dl line 
at 850 nm. The absorption line is shifted with respect 
to the free atom line due to the interaction of cesium 
atoms with the helium matrix ((23t ) . The fluorescence light 
is collected at right angle, selected by an interference fil- 
ter centered at 880 nm and its intensity is measured by 
a cooled APD (Hamamatsu C4777-01). The use of fem- 
tosecond laser pulse for metal sputtering or machining is 
now well documented (jU) and various kinds of amplified 
sources have been described. In the present case, low aver- 
age power is desirable in order to keep the low temperature 
sample with a minimal perturbation. Hence we require a 
low repetition rate and a pulse energy sufficient to atomize 
metal grains a focal distance of 0.2 m, comparable with 
the cryostat radius. Pulse energy on the order of a few 
microjoules is sufficient. Much shorter focal length would 
allow to reduce this energy, but would require the focusing 
lens to be located inside the cryostat, which we wanted to 



avoid for practical reasons. Micro joule pulse energies are 
intermediate between the nanojoule energies delivered by 
Ti:Sa oscillators and millijoules currently reached by the 
chirped pulse amplifiers. Simple lasers are not available 
for such pulse energy. Hence we built a simple home made 
multipass unsaturated amplifier which does not require 
the 100 femtosecond pulse to be chirped. Non-linear ef- 
fects in the Ti:Sa crystal are kept below the critical value 
for self- focusing if pulse energy does not exceed 40 [iJ. The 
Ti:Sa oscillator produces 5 nJ, 200 fs pulses at the rate of 
70 MHz. A Pockels cell selects one pulse every 0.1 s. It 
enters a 4/-cavity where it is amplified 6 times in a 1.5 cm 
Ti:Sa crystal pumped by two 7 mJ second harmonic Nd- 
YAG pulses. The pulse energy is then 6±2 /iJ. Another op- 
portunity is to let all oscillator pulses go through the am- 
plifier. Then trains of about 12 successive pulses are am- 
plified synchronously with the YAG pump pulses. Other 
Ti:Sa pulses go through the amplifier unaffected. In the 
time between successive pulses, atoms and clusters have 
already been expelled few microns away but have had no 
time to recombine. Hence clusters produced by one pulse 
may be further atomized by the next ones before being 
thermalized and possibly recombine. One expects a more 
efficient atomization in this multi-pulse regime. 

3 Atomization process inside solid helium 

Once cesium grains are embedded 2 mm below the crys- 
tal surface, atomization with the Ti:Sa laser begins. The 
wavelength is tuned to 850 nm so that fluorescence of 
the atoms will be excited. Monitoring the atomization is 
done by replacing the APD by a fiber/CCD spectrograph 
(Ocean Optics 4000). Two detection bands are defined. 
One from 845 to 855 nm measures the incident light scat- 
tered by cesium grains and clusters. The other one mea- 
sures atomic fluorescence from 870 to 890 nm. This LIF de- 
tection is specific to cesium monomers. Dimers and trimers 
do not fluoresce in this band when excited at 850 nm (f25l ) . 
Larger cesium clusters are not known to fluoresce. 

Evolution of both intensities during an atomization 
process are shown in figure [21 The Ti:Sa laser is mode- 
locked with an averaged intensity 50 mW in the cell, with 
amplified bursts at a rate of 2 Hz. The burst contribution 
to the average intensity is negligible. During the sequence 
shown, the focal point of the laser is moved from time to 
time to explore the region in which clusters are located. 
This is indicated by gray areas in figure [5J Intensity of 
elastically scattered light varies strongly according to the 
focal point location, probably in relation with the pres- 
ence of grains. Keeping the laser focus at such place and 
continuing laser irradiation, one observes a slow decrease 
of the scattered light intensity, while the atomic fluores- 
cence intensity increases strongly. Note the difference in 
scale (factor 10) for the two intensities : the atomic fluores- 
cence is much stronger. After 20 minutes at this place, the 
scattered light has nearly disappeared and the atomic fluo- 
rescence does not increase anymore. A straightforward ex- 
planation is that successive laser pulses break metal grains 
into smaller and smaller pieces, and finally into atoms. In 
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some cases, no light is scattered, indicating there are no 
grains while fluorescence does appear after some time. In 
these situations, source of atoms are very likely clusters. 
As we will see now, this atomization process is indeed ef- 
ficient. 



4 Estimate of the atomic density 

Once atomic fluorescence intensity is strong enough, a 
measurement of the fluorescence intensity is made to pro- 
vide an estimate of the atomic density. The Ti:Sa laser is 
switched to its cw mode, while keeping its wavelength at 
850 nm. The beam is chopped at 173 Hz and the APD 
output is measured through a lock-in amplifier. The de- 
tected fluorescence intensity is proportional to the 
mean atomic density p in the region where the two beams 
intersect, to the laser intensity I exc and to the absorption 
cross-section a for the Dl line. More precisely, p is given 

by 

1 4 7T I det 

p = — ; ni — W 

where fl is the solid angle of the collected light (0.12 sr), 
k is the transmission efficiency of the detection beam esti- 
mated to be 0.38 at 880 nm, rj is the fluorescence efficiency 
for the Dl line measured to be 0.9 at 25 bar (|26l ). This 
formula takes into account the fact that the waist of Ti:Sa 
beam in the cell (0.3 mm) is smaller than the diameter of 
the area seen by the APD detector {Idet = 1.1 mm). The 
absorption cross-section a is the resonant cross-section for 
the Dl line A 2 /2tt H3; [H), scaled by the ratio of the 



_ 6x1 4 
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Fig. 2. Atomic fluorescence (lower sub-figure) and incident 
light scattered by cesium grains and clusters (upper sub-figure) 
during an atomization process at 850 nm. The growth of the 
atomic fluorescence is correlated with the disappearence of the 
grains scattering the incident light. Gray areas indicate when 
the laser focus is moved from one place to a new one, free of 
pre-existing cesium monomers. 



natural linewidth (FWHM) (r/2n 
linewidth in the helium matrix (AX 
a ~ 1.3 x 10" 19 m 2 . 

For a 50 /iW excitation intensity, we have measured 
atomic fluorescence intensities upto8xlO _11 W. Accord- 
ing to the formula above, this corresponds to an atomic 
density about 3.4 x 10 18 m~ 3 . This is about 4 orders of 
magnitude higher than what have been reported in solid 
helium (fl8h . We have obtained repeatedly densities over 
10 17 m" 3 . 

As already mentionned the atomic density depends strongly 
on the number and sizes of the metal grains in the sput- 
tered region. One can get densities varying by several or- 
der of magnitude for apparently similar conditions. Note 
that the atomic density does not vary significantly over the 
time required for the density measurement. As already re- 
ported, at 1.0 K, atomic density decays only over several 
days ((S M 



5 Conclusion 

We have shown that femtosecond laser pulses with energy 
as low as 10 /zJ are an efficient tool to atomize metals in 
solid helium. Such low energy pulses with a repetition rate 
of a few hertz are suitable for experiments at low tempera- 
tures below 1 K where the cooling power of helium refriger- 
ators drops down. These pulses can be produced by simple 
amplifiers without a stretching/compression device. Sub- 
stantial atomic densities have been obtained, larger than 
10 17 atom/m 3 . However we have no evidence that atom- 
ization with such low energy pulses still does not damage 
the crystal order. In a further step we plan to attempt 
atomization directly above crystal surface, in the liquid, 
and to grow the crystal from this 'cesium solution'. This 
should allow for obtaining good quality doped single crys- 
tal. 
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